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Abstract 
Livestock production is the main user of water resources in agricultural production. Water is 
used in animal production for producing feed, watering the animals, and cleaning and 
disinfecting barns and equipment. The objective of this dissertation was to quantify the effects 
of management strategies, such as feeding, intensity of production and the replacement 
process on the water productivity of milk and poultry meat in Germany.  
Water productivity in milk and broiler production systems was calculated based on the 
methodology of Prochnow et al. (2012). Own measurements of the drinking and cleaning 
water demand in milk production were conducted in a dairy cow barn. The study was based 
on site conditions of North-East Germany with common variations in farm operations.  
The feed production is the main contributor to water input in dairy and poultry production. 
The water productivity of milk increased with an increasing milk yield. The most beneficial 
conditions related to water productivity in dairy farming were found to be with a milk yield of 
approximately 10,000 kg fat corrected milk and a grass silage and maize silage based feeding. 
The total technical water use in the barn makes only a minor contribution to water use. 
Former regression functions of the drinking water intake of the cows were reviewed and a 
new regression function based on the ambient temperature and the milk yield was developed. 
In broiler production the intensification of the fattening systems did not increase water 
productivity. 
An increase of water productivity in animal production can be achieved with various 
management strategies with their specific influence on the production process. The feed 
management should be a focus of the strategies.  
1 Statement of the problem  
The expected increase in world population of up to 10 billion people will reduce the available 
water resources by half to 6300 m³ per capita by 2050 (Lutz et al., 1997; Ringler et al., 2010). 
The larger world population and the change in diets will lead to an increasing food demand by 
70 to 90 % by 2050 (Rosegrant and Cline, 2003). Agriculture will compete with industrial and 
domestic users for water resources (Pimentel et al., 1997). Human diets will change to include 
more animal products, such as milk, meat and eggs (Delgado, 2003). The conversion of 
energy and protein from plants into animal products is connected with a loss of energy and 
protein in the animal product so that the water demand per MJ food energy and g protein will 
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be higher than that for plant products. Animal products in human nutrition are subject to 
restrictions such as availability, costs, compatibility and religion.  
Studies on management strategies to increase the water productivity of animal production on 
the farm-level in Germany are rare (Drastig et al., 2010). Studies about water use for the 
cleaning and disinfection of barns are scare and are of interest mainly to public authorities and 
consulting agencies (Jensen, 2009; KTBL, 2008; Rasmussen and Pedersen, 2004; Schuiling et 
al., 2001; Steward and Rout, 2007; Williams, 2009). In most of the studies the estimation of 
the demand for cleaning water is not described in detail. Studies on the drinking water intake 
of dairy cows were made only for early and mid-lactation and do not cover the end of the 
lactation. Concepts on improving the water productivity were developed mainly for milk 
(Descheemaker et al., 2010; Haileslassie et al., 2009) and beef (Peters et al., 2010) and not for 
poultry; the regions investigated were Africa, America, Asia and Oceania (Armstrong et al., 
2000; Descheemaeker et al., 2010; Haileslassie et al., 2009; Haileslassie et al., 2011; Moore et 
al., 2011; Renault and Wallender, 2000; Rockström et al., 2010; Singh et al., 2006; 
Zonderland-Thomassen and Ledgard, 2012). Dairy farming includes the production of feed, 
milk, meat and replacement and is the most complex kind of livestock farming 
(Descheemaeker et al., 2010; Kraatz, 2012). The water productivity of poultry has a wide 
range owing to the different regions investigated and to the climate conditions and 
predominant keeping conditions (Chapagain and Hoekstra, 2003; Renault and Wallender, 
2000). 
The production conditions in Germany, such as the availability of feed and the high yield of 
the animals, were not covered. The allocation of the water use to the output will influence the 
effect on the water productivity when feeding residues. Increasing the yield of the animals by 
breeding with better genetics is one way to increase the water productivity as described in the 
literature for regions with a low yield of the animals. Not all existing recommendations are 
applicable for German conditions with a great effect on the water productivity, such as 
crossbreeding or improving the veterinary service. 
2 Overall objectives  
The objective of this dissertation was to quantify the effects of management strategies, such 
as feeding, intensity of production and replacement process, on the water productivity of milk 
and poultry meat in Germany. In particular, the breeds, yield and diets of the animals shall be 
investigated with regard to the water demand per kg of milk, kg of broiler meat, g of protein 
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and MJ gross energy. Another focus was put on the drinking and cleaning water demand in a 
dairy cow barn and a broiler chicken barn. The aim of the investigations was to identify 
management options with high water productivity in the supply of animal products for human 
consumption. 
3 State of the art  
3.1 Water flows on farm scale 
The spatial system boundaries of farms can be defined according to Prochnow et al. (2012): 
The system includes any physical thing which belongs to the farm. The fields cultivated by 
the farm and the areas with farm infrastructure are included in the horizontal boundaries of the 
system. The area between the fields of the farm and the farm infrastructure, such as rivers, 
forests, or public areas, do not belong to the system. The vertical boundaries are the height 
and the depth of the plants, animals, buildings, machines and equipment. The vertical 
boundaries can change, while the plants grow and get harvested and the animals and machines 
move.  
Water enters and leaves the farm in different ways. In Figure 1 the water flows on farm scale 
are shown according to Prochnow et al. (2012). The water enters the farm via precipitation, 
surface water, irrigation water, tap water, sub-surface flows, table rising and capillary rise. 
Water can also enter the farm directly or indirectly when it is bound or used to produce 
products which enter the farm; these are called pre-chains, and include machines, buildings, 
equipment, purchased feed, etc. The single types of water inflow play different roles in the 
conceptual scheme of estimating water demand described below. In some studies the water 
inflow was subdivided even further.  
The water leaves the farm as it enters the farm or is used or is transformed or is bound in 
products. The ways water can leave the farm include plant transpiration, evaporation, 
interception, deep percolation, runoff, water bound in product, waste water and lateral flows. 
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Figure 1: Water flows and storages on farm scale (Prochnow et al., 2012 adapted) 
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3.2 Concepts 
3.2.1 Overview 
There are several methods to express the relation between the water demand and the output of 
a farm. A standardized definition has not yet been set. This can be seen in the different terms 
used for water, which are included in the calculations: blue water, capillary rise, consumptive 
water, deep percolation, evaporation, evapotranspiration, green water, grey water, ground 
water, interception, irrigation water, precipitation, productive water, transpiration, subsurface 
water, surface water, tap water, technical water, waste water, water demand, water inflow, 
water input, water use, and so on. Some of the terms can be used as synonyms (e. g. 
consumptive water, water demand, water input, and water use) and some can be derived from 
the others (e. g. evapotranspiration is the compound of evaporation and transpiration).  
The output of a farm is also defined in different ways. Most studies consider mass or 
monetary outputs of products (e. g. Kebebe et al., 2015; Moore et al., 2011; Singh and 
Kishore, 2004). Further outputs can be nutritional values such as food energy or protein (e. g. 
Molden et al., 2010; Renault and Wallender, 2000), drought power (e. g. Alemayehu et al., 
2012; Kebebe et al., 2015), environmental services and livelihoods (e. g. Descheemaker et al., 
2010). Some studies focus on single products, such as milk or grain (e. g. Bouman, 2007; 
Sultana et al., 2015; Zwart and Bastiaanssen, 2004), or the whole yield of the plants, such as 
grain and straw, or of the animals, such as milk, meat, leather and drought power (e. g. Cook 
et al., 2009; Descheemaker et al., 2010; Kebebe et al., 2015) or on aggregated outputs of 
whole farms (e. g. Haileslassie et al., 2009; Prochnow et al., 2012) or farming systems (e. g. 
Descheemaker et al., 2010).  
There is no standard when the water input per output or the output per water input is in focus. 
The most common concepts are described in the following chapters with their definitions of 
water included in the calculations and the regarded output. The pros and cons for using them 
to calculate the water demand on farm scale are described. 
3.2.2 Live cycle assessment (LCA) 
Live cycle assessment (LCA) has its origin in estimating the environmental impact of 
industrial production on global value chains (Koehler, 2008) and was developed in the late 
1960s (i Canals et al., 2009). The water use was not estimated in LCA in the initial period of 
its conceptual development because the concept was developed in countries with less water 
scarcity (Koehler, 2008). In the 2000s the total water amount in agricultural systems was 
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estimated with LCA by i Canals et al. (2006). The main impact pathways of water in the study 
of i Canals et al. (2009) were: direct water use leading to changes in freshwater availability 
for humans leading to changes in human health; direct water use leading to changes in 
freshwater availability for ecosystems leading to effects on ecosystem quality; direct 
groundwater use causing reduced long-term freshwater availability; land use changes leading 
to changes in the water cycle leading to changes in freshwater availability for ecosystems 
leading to effects on ecosystem quality. The water use was regarded from cradle to grave, 
from the production of raw materials to waste management (Boulay et al., 2015; i Canals et 
al., 2009). The focus was on the environmental impact of the water use in agricultural 
production. Precipitation is not taken into account since it generally has no impact on the 
environment (de Boer et al., 2013; i Canals et al., 2009; Koehler, 2008; Peters et al., 2010; 
Pfister et al., 2009). The indirect water, which is used to produce machines, buildings and 
equipment, has a negligible part of the total water demand (Döring et al., 2013), but is taken 
into account, too. LCA studies do not distinguish between the source of the water and the way 
the water leaves the system. Until now, most of the LCA studies on water use of agricultural 
products used a kg product as functional unit. 
In contrast to other concepts, LCA aims at the assessment of environmental impacts of water 
use. Consequently, only those fractions of water use that cause environmental impacts are 
included in the inventory. Since precipitation is excluded, LCA is not suitable to be applied 
beyond its original intention for recommendations on farm water management and 
improvement of water productivity in rain-fed agricultural systems. 
3.2.3 Virtual water - Water footprint 
In the literature, the term “water footprint” is used with different meanings. A standard was 
set with ISO 14046.2 (2014) whereby the water footprint quantifies the potential 
environmental impacts related to water using the concept of LCA. More than a decade before 
that, the virtual water concept was developed, also using the term water footprint but without 
an environmental impact assessment. Hence the water footprint described in this chapter is 
not consistent with the later developed ISO 14046.2 (2014). 
The term “virtual water” was introduced in the 1990s with regard to food (Allan, 1993; Allan, 
1994; Allan, 1998), proposing that food trade implies the trade of virtual water and therefore 
could be a means of balancing between water abundant and water scarce regions or nations. 
The concept has been elaborated in the following years by developing a more detailed 
methodology to estimate the amount of virtual water contained in a product. According to 
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Chapagain and Hoekstra (2003), virtual water is defined as the amount of water which is 
required to produce a commodity or service. The water footprint concept according to 
Chapagain et al. (2006) distinguishes between green, blue and grey water. Green water is 
evapotranspiration from precipitation, blue water is evapotranspiration from ground and 
surface water and grey water is water that would theoretically be needed to dilute polluted 
water (Chapagain et al., 2006). The evapotranspiration was considered as the main contributor 
of water use (Chapagain et al., 2006). Chapagain and Hoekstra (2003) consider three 
components of virtual water of a live animal. These are the virtual water content of consumed 
feed, drinking water and service water. The water content of feed has two parts: the water to 
prepare the feed mix and the water which the feed ingredients needed to be produced. 
The benefit of water footprint is the estimation of the volumetric use. Since it does not 
consider environmental impacts, extensions of the methodology or combination with LCA are 
discussed (Ridoutt and Pfister, 2013). The applicability to derive recommendations on farm 
water management is limited. The concept is not designed to be used on the farm scale to 
reflect agricultural management measures. The virtual water includes not only the productive 
water which is needed to generate biomass, but also the theoretically available water, which 
can leave the farm by unproductive evaporation.  
3.2.4 Water productivity (WP) 
The water productivity is generally defined as the relation of output to water input (Bouman, 
2007). A meticulous description of determining water input and output is needed to make 
results comparable (Bessembinder et al., 2005). The water input can include the evaporation, 
transpiration, irrigation water, drinking water, service water, etc. (Bessembinder et al., 2005). 
The output can be the fresh or dry mass of the product or its economic value (Bessembinder et 
al., 2005). The output can also be displayed on a feed or food energy and feed or food protein 
basis (Renault and Wallender, 2000). Studies of water productivity in agricultural production 
were developed for crop production first (Bouman, 2007; Bouman and Tuong, 2001). Later, 
the concept of livestock water productivity was developed by Peden et al. (2007). The 
livestock related merit was defined as the output of the system (Cook et al., 2009; 
Descheemaeker et al., 2010; Peden et al., 2009). Prochnow et al. (2012) defined water use 
indicators on farm scale. One of these indicators is the farm water productivity. The water 
input is transpiration from precipitation, technical water and indirect water. The output is 
fresh mass, dry mass, food energy and monetary value (Prochnow et al., 2012). The 
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evaporation from precipitation was excluded from the estimation of the water productivity, 
but was included in the estimation of the degree of water utilization (Prochnow et al., 2012). 
The concept of farm water productivity from Prochnow et al. (2012) was chosen to calculate 
the influence of management strategies on water productivity in dairy farming and broiler 
production. This concept was seen as the most suitable method to calculate the water 
productivity on the livestock stage of production, since it focuses on productive water, which 
is needed to generate biomass (Pereira et al., 2012)  
3.3 Allocation of the water demand to the output 
An allocation of the input to the output is needed in systems with more than one regarded 
output. The allocation has an important role in the height of water productivity. The influence 
of the calculation of the water use on water productivity was described above. The definition 
and allocation of the output to the water input is described below. Plants can be harvested in 
whole or in parts. For maize silage nearly the whole above ground biomass is harvested. For 
wheat the grain and the straw could be harvested when the straw is used as feed or litter 
material for the barn. Soy beans are normally planted to get the oil. The soy bean meal is sold 
as a protein-rich feed. The water demand of the soy beans could be allocated altogether to the 
main product oil so that no water use is allocated to the soy bean meal as by-product. The 
allocation could be done on a mass, monetary, energy or protein base. As a rule, an animal 
supplies not only one product. In most of the cases animals have two or more benefits. A 
dairy cow produces milk, meat, leather and in some regions they are used as draft animals. 
Therefore, the water demand has to be allocated to the different outputs. Laying-hens produce 
eggs and meat. Another part is the water which is needed to replace the old animals. Not 
every calf or chick will give milk or lay eggs. Young animals also need water and not only in 
the productive phase of their lives. All the different ways to allocate the water demand of 
production to the output have their justification, but it has to be determined to which output 
the water demand should be allocated. 
It is also necessary to allocate the water demand of the plants to the output of feed. Not all 
plants are fed in whole to the animals. A lot of plants are processed to food first and the 
residues are then used as feed for the animals. From soy beans the oil is extracted first and the 
rest is used as protein-rich feed. From sugar beets the sugar is extracted and the beet pulp 
silage is fed to cows and pigs. Rape seed meal, draff, pomace and bran are typical by-products 
in German animal feeding as well. If the water demand is allocated solely to the main product, 
the by-products have no water demand in the calculations. This may be a way to increase the 
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water productivity, but the production of these by-products needs water too. Nevertheless, 
feeding by-products is a way to convert products unsuitable for human nutrition into high 
quality animal products. 
3.4 Ways to increase the water productivity in livestock production 
There are different ways to increase the water productivity of vegetal and animal products. An 
increase in water productivity could be achieved with an increased output with the same 
amount of water input or the same output with less water input or a combination of both 
options (e. g. Bossio et al., 2010; Molden and Sakthivadivel, 1999; Prochnow et al., 2012; 
Renault and Wallander, 2000). “The most important performance indicator in many 
countries” is the concept of water productivity with more “crop-per-drop” (Perry, 1999). The 
improvement of water productivity was investigated in different regions with their specific 
conditions: in Africa by e. g. Descheemaeker et al. (2010), Haileslassie et al. (2009), and 
Rockström et al. (2010), in America by e. g. Renault and Wallender (2000), in Asia by e. g. 
Haileslassie et al. (2011), and Singh et al. (2006) and in Oceania by e. g. Armstrong et al. 
(2000), Moore et al. (2011), and Zonderland-Thomassen and Ledgard (2012). For Western 
Europe a case study of Prochnow et al. (2012) is available.  
Feed production contributes the most to the total water input in livestock production (Singh et 
al., 2003). Feed and animal management have a high potential for increasing the water 
productivity in livestock farming (Descheemaeker et al., 2010; Drastig et al., 2010). 
Decreasing the water demand can be realized by reducing unproductive losses, for example, 
the evaporative part of the precipitation and the irrigation water. In livestock production the 
water demand of the feed can be decreased by using feed with high water productivity 
(Descheemaeker et al., 2010). Another option is reducing conversion losses by reducing the 
share of maintenance and increasing the share of water for yield. Not all options of increasing 
the water productivity are suitable for all production systems in the different regions. The 
improvement of water productivity is described below for dairy farming as the most complex 
type of livestock operation (Descheemaeker et al., 2010; Kraatz, 2012). An increase of water 
productivity at Ethiopian conditions was observed with an increase in performance of the 
cows, since the share of maintenance related to the performance on total demand is reduced 
(Peden et al., 2009). A similar effect was observed by Haileslassie et al. (2011) in the Indo-
Ganga basin and by Armstrong et al. (2000) in Australia. In Africa the water productivity of 
milk could be increased with more veterinary service, breeding, and greater supplies of feed 
and drinking water (Descheemaker et al., 2010). Veterinary service can reduce the mortality 
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of the cows and the cows therefore have more useable milk. The local breed could be 
crossbred with higher yielding breeds. With this improvement of genetics, the demand for 
maintenance is shared on more output. In German dairy herds these options are mostly 
utilized. To decrease the role of maintenance on total water input, the yield of the animals 
could be increased. But this option is limited, since high yield is genetically fixed, and to 
generate a high yield, the feed has to have a high quality. Such feed has reduced water 
productivity and so the effect of increasing the yield is limited.  
The replacement process also needs water and in addition it has no output of milk. This phase 
of live should be as short as possible and the water should be allocated to as much milk as 
possible. Decreasing the age at first calving causes an intensive upbringing period and maybe 
a reduced milk yield in first lactation since the cow is not full-grown. The milk yield per cow 
in her lifetime is determined by two factors: the milk yield per lactation and the number of 
lactations. The milk yield cannot be increased in an unlimited way, as described before. The 
number of lactations can be increased with good servicing, genetics and veterinary care. The 
most important reasons why cows leave the farm are mastitis, infertility, lameness, low milk 
yield and metabolic disturbances (LKV BB, 2014). The replacement rate decreases with a 
longer life of the cows, but the genetic improvement decreases too. A decrease of the 
replacement rate from a low to a very low level increases the water productivity less than the 
genetic progress. 
4 Water productivity of milk production  
4.1 Preliminary remark 
Chapter 4 is mainly based on Krauß et al. (2015a), which is part of this thesis, and can be 
found in Annex A. More details are given there. 
4.2 State of the art and subject-specific aims 
The water productivity of milk was investigated several times with different methods in 
various regions of the world. The focus regions were Africa, Asia and Oceania (e. g. 
Armstrong et al., 2000; Descheemaeker et al., 2010; Haileslassie et al., 2009; Haileslassie et 
al., 2011; Moore et al., 2011; Rockström et al., 2010; Singh et al., 2006; Zonderland-
Thomassen and Ledgard, 2012). Dairy farming includes the production of feed, milk, meat 
and replacement and is the most complex kind of livestock farming (Descheemaeker et al., 
2010; Kraatz, 2012). 
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The aim of this section was the quantification of management strategies in dairy farming on 
the water productivity of milk for North-East German conditions. Variation in feed, milk 
yield and replacement rate is the focus. A wide range of possible strategies for producing milk 
will be shown.  
4.3 Materials and methods  
4.3.1 System boundaries and data 
The water productivity was calculated according to the concept of water use indicators at the 
farm scale developed by Prochnow et al. (2012). The water productivity of milk was analyzed 
from cradle-to-farm-gate. The water for feed production and the drinking water of the animals 
was taken into account since these are the main contributors to water demand in dairy farming 
(Singh et al., 2003). The production of fertilizer, machines and buildings were excluded from 
the calculations, since they play a negligible role on the total water demand (de Boer et al., 
2013; Döring et al., 2013). The whole amount of water input was allocated to the milk, since 
it is the main output of the production system. The replacement was included in the 
calculations, because they were needed to recreate the dairy herd. Replacement means the 
calves and heifers.  
Brandenburg, as a part of North-East Germany and with its early summer drought, was 
chosen as the study region. The study period were the years 2008 to 2010. A typical dairy 
system in that region has a herd size of 180 dairy cows and an average milk yield of 8,000 kg 
fat corrected milk (FCM) cow
-1
 year
-1
 (Kraatz, 2012). The breed of the cows is mostly 
Holstein-Friesian. The average replacement rate of dairy cows in Brandenburg was nearly 
40 % (LKV BB, 2011; LKV BB, 2014) and the age at first calving was 25 months (Spiekers 
and Potthast, 2004). The lactation period to reach the annual milk yield is 305 days. A 60-day 
dry period was taken into account, too.  
The water productivity of milk is displayed in kg FCM (WPmilk), MJ food energy (WPmilk-
energy), kg food protein (WPmilk-protein) and Euro (WPmilk-revenues) per m
3
 of water input. The 
water productivity of feed is displayed as kg dry matter (WPfeed), MJ net energy for lactation 
(WPfeed-energy) and kg crude protein (WPfeed-protein) per m
3
 of water input.  
4.3.2 Water input and water productivity of feed  
The water input (Winput) was defined as the sum of plant transpiration from precipitation, 
irrigation water and drinking water of the animals (Prochnow et al., 2012). The plant 
transpiration was calculated with the FAO 56 dual crop coefficient approach under non-
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standard conditions (Allen et al., 1998). The calculations were done with the ATB Modeling 
Database which has a module which includes crop water stress and interception loss (Drastig 
et al., 2012; Drastig et al., 2013). 
The arable land of Brandenburg was divided into four agricultural growing regions (LELF, 
2010) and the pasture was divided into four yield groups. Four soil groups summarize the 
specific growing conditions of the arable land and the pasture. The soil overview map (State 
Office for Mining, Geology and Resources Brandenburg, 2001) was combined with the 
characteristics of the soil groups. As a result, 20,000 polygons were needed to indicate the 
different growing conditions, such as soil type with its specific characteristics, precipitation, 
sunshine duration, temperature, wind speed and so on.  
The water productivity of 12 feed crops was calculated. The feed of the animals, produced in 
Brandenburg, was maize for grain, maize for silage, oats, permanent grass land (pasture and 
hay), rapeseed, rye grass (silage and hay), sugar beets, triticale, winter barley, winter rye and 
winter wheat. For soy beans Argentinean and Brazilian were taken into account.  
4.3.3 Water input and water productivity of milk 
The diets of the cows consisted of grass silage, maize silage, hay, pasture, beet pulp silage, 
soy bean meal, rape seed meal, triticale and concentrate. Maize grain, molasses, oats, rape 
seed meal, winter barley, winter rye and winter wheat were mixed and pressed into pellets and 
fed to the cows as a concentrate. The diets of the cows were presented as a total mixed ration.  
A balanced standard diet for a milk yield of 8,000 kg FCM was considered as the base of the 
development of diets for other milk yields (Kraatz, 2012). The milk yield was varied between 
4,000 and 12,000 kg FCM in steps of 2,000 kg to cover a wide range of production 
conditions. Another point of diet developing was the variation of the main ingredients of a 
diet with the same milk yield. The share of grass silage, maize silage or concentrate was 
maximized to the maximum of a ruminant appropriate feeding and to cover the nutritional 
demand of the cows, and also to investigate the effect of the feeding strategy on the water 
productivity of milk. The share of pasture in the diets was varied with the grazing in summer. 
During a whole-year confinement, the cows had no access to the pasture. At half-day grazing 
in summer, the diets of the cows contained 20 % pasture grass, and with full-day grazing in 
summer 40 %. The diets could be used on the farm to reach the expected milk yield. An 
adaption is needed if the energy and protein content of the on-farm feed differ from the 
assumed values. The replacement rate was varied between 10 and 50 % in steps of 5 %. 
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The drinking water demand of the cows was estimated according to Meyer et al. (2004) on a 
daily basis. The drinking water demand of the calves and heifers was calculated according to 
KTBL (2008). 
4.4 Results and discussion  
4.4.1 Water input and water productivity of feed 
The transpiration from precipitation Wprec-transp is shown in Figure 2 and the mean water 
productivity of the feed in Figure 3.  
 
Figure 2: Transpiration from precipitation 
The share of harvested products to total plant mass has an important influence on the mass-
based water productivity, as seen with sugar beets and maize silage, which has the highest 
water productivity. Harvesting the whole plant is not suitable for all types of plants, since the 
straw of grain can be used in dairy cow feeding only in small amounts. So the water 
productivity of grain and concentrate is the lowest of the investigated feed stuffs. Among the 
investigated grains there are differences, too. Winter rye has nearly twice the water 
productivity of winter wheat. Winter rye is better adapted to the dry growing conditions, 
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(Kottmann et al., 2016) which occur in the investigated area of Brandenburg, than winter 
wheat, and so winter rye can reach the same yield as wheat with less water. 
 
Figure 3: Mean water productivity of the components of the diet with different soil 
groups 
Plants have a fixed water demand for the accumulation of carbon compounds, called water 
use efficiency (Hatfield et al., 2001; Passioura, 2006). The plants can be divided into a group 
of C3-plants and a group of C4-plants. The difference between these two groups is the way 
they accumulate carbon compounds. Light and CO2 is needed for the photosynthesis. CO2 
enters and vapor leaves the plant via the stomata. High radiation causes a high CO2-
accumulation when the stomata are open. This causes a high loss of vapor. The plants close 
their stomata to reduce the loss of vapor and so no CO2 can enter the leaves. C4-plants are 
adapted to the low CO2 concentrations in the leaves, since they have their origin in the 
tropical zone of the earth (Furbank and Taylor, 1995). The adaption to radiation has another 
effect in the temperate zone. The stomata have not been closed that often and more CO2 is 
available for the plant. More biomass can be generated with the same amount of water. Even 
more biomass could be generated when more water was available. 
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In Germany the need of saving water in plant production is not that urgent as in arid regions. 
The access to rain water is associated with the access to land. Irrigation water is taken from 
one's own wells and there are cheap water rights.  
4.4.2 Water input and water productivity of dairy production 
The total water input per cow per year including the water input of feed production, the 
drinking water, and the water input of the replacement is shown in Figure 4.  
 
Figure 4: Total water input per cow per year. 
The water input per cow per year increases with an increasing milk yield. This was expected 
since the demand for maintenance and yield and the feed intake increases. Grazing in summer 
had only a little effect on the water input. The share of the maintenance on the total energy 
and protein demand is shown in Table 1; it decreases with an increasing milk yield of the 
cows. The feed conversion into milk increases at higher milk yields (Descheemaeker et al., 
2010; Zonderland-Thomassen and Ledgard, 2012) since the demand for maintenance and the 
demand for yield shifts to the demand for yield. The share of maintenance on the total 
demand should be low. At a given demand for maintenance and a higher output, the share of 
maintenance on the input would be lower. The remaining part of the input can be used to 
create the output. In the case of water a lower share of maintenance increases the water 
productivity. The difference between 4,000 and 6,000 kg FCM cow
-1
 year
-1
 is 7 % for the 
energy and 8 % for the protein. The difference between 10,000 and 12,000 kg FCM cow
-1
 
year
-1
 is 2 % for the energy and 3 % for the protein. The effect of reducing the share of 
maintenance to the yield is more distinctive at low milk yields than at high milk yields. The 
share of maintenance on total energy demand at 4,000 kg FCM cow
-1
 year
-1
 is more than 
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twice the share at 12,000 kg FCM cow
-1
 year
-1
. On the total protein demand the share of 
maintenance at 12,000 kg FCM cow
-1
 year
-1
 is 40 % lower than at 4,000 kg FCM cow
-1
 year
-1
. 
A further increase of genetic potential by crossbreeding as described for African and Indian 
conditions is not a suitable way to increase WPmilk under German conditions (Descheemaeker 
et al., 2010; Haileslassie et al., 2009; Haileslassie et al., 2011). 
Table 1: Share of maintenance on total energy and protein demand 
 kg fat corrected milk cow 
-1
 year 
-1 
 4,000 6,000 8,000 10,000 12,000 
Share of maintenance 
on total energy demand 
30 % 23 % 19 % 16 % 14 % 
Share of maintenance 
on total protein demand 
46 % 38 % 33 % 30 % 27 % 
The water productivity of milk at different milk yields and feeding strategies is shown in 
Figure 5. The average WPmilk at a milk yield of 8,000 kg FCM is 1.5 kg FCM m
-3
 Winput. The 
WPmilk at 4,000 kg FCM is 30 % and at 6,000 kg FCM 10 % lower. An increase of the milk 
yield to 10,000, respectively, and to 12,000 kg FCM increases the WPmilk by 7 %. The highest 
WPmilk is found at 10,000 kg FCM with a grass silage based diet and without grazing in 
summer. As described above the share of maintenance on the total energy and protein input 
decreases not that distinctive at higher milk yield than at lower milk yields. The diets of the 
cows at 12,000 kg FCM have to have a higher energy and protein content than at lower milk 
yields, since the feed intake capacity is limited (Spiekers and Potthast, 2004). The higher 
energy and protein content of the diet is achieved with a higher share of concentrates. 
Concentrates have a lower WPfeed than roughage, as described in section 4.4.1 and e. g. by 
Blümmel et al. (2009). As a result, the effect of reducing the share of maintenance is 
counterbalanced by feeding more concentrates. A further increase in milk yield up to 
14,000 kg FCM will not lead to an increase in WPmilk. Diets for a milk yield of 
14,000 kg FCM would not ensure a ruminant-appropriate feeding under the given conditions 
with the live mass of the cows and the diet components, since the share of concentrates would 
be too high to maintain the function of the rumen.  
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Figure 5: Water productivity of milk at different milk yields and feeding strategies 
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Saving water may not be the focus of a farm manager in Germany, since other internal and 
external factors influences the decisions. Agronomic measures will be the first way to 
decrease the water demand of feed production if water became scarcer. If other crops have to 
be cultivated, the feed source of the animals will change. The dairy production has to be 
adapted to the new or other feed stuffs available on the farm. The water will take on a new 
importance if it becomes scarcer and so an increase in water productivity had an influence on 
the economic success of the farm. Some farmers take part in landscape conservation programs 
or keep their animals in an extensive way and get paid for. Saving water is not in their focus, 
since the farms generate their income from the programs. The feed, which has its origin in 
landscape conservation programs, may not have the highest water productivity, but it has to 
be fed and if not, the water demand will remain. This “by-product” of landscape conservation 
has to be used by such other by-products like soy bean meal, rape seed meal or beet pulps 
silage. These products are available and it is a chance to use them to cover a part of the feed 
demand of the dairy cows and to convert these products into highly digestible food for 
humans. 
4.4.3 Influence of the replacement rate on the water productivity of milk 
Figure 6 shows the influence of the replacement rate on the water productivity of milk at 
different milk yields. The water productivity of milk decreases with an increase in the 
replacement rate. This was expected since the share of water input for the replacement on 
total water input increases. An increase in the replacement rate of 5 % decreases the WPmilk by 
2.7 %. This effect was observed at all milk yields. 2,540 m
3
 of water input is needed to rear a 
heifer with a diet including grazing in summer. A whole year confinement will need 30 m
3
 
more water. At a milk yield of 4,000 kg FCM cow
-1
 year
-1
 and a replacement rate of 40 % the 
water input of the replacement is 0.26 m
3
 kg
-1
 FCM, which is 28 % of total water input. At a 
milk yield of 12,000 kg FCM and the same replacement rate the water input is only 0.085 m
3
 
kg
-1
 FCM, which is 14 % of total water input. A specific WPmilk, such as 1.7 kg FCM m
-3
 
water input, could be achieved with a milk yield of 6,000 kg FCM and a replacement rate of 
10 %, 8,000 kg FCM and a replacement rate of 20 %, 10,000 kg FCM and a replacement rate 
of 30 % and 12,000 kg FCM and a replacement rate of 35 %. For economical and genetical 
reasons, a replacement rate of 10 % is not aspired too, since the genetic progress of the dairy 
herd would be lower. A replacement rate of 25 % is recommended by Weiher (2004) to get a 
high genetic progress with low replacement costs. The WPmilk at this replacement rate would 
be 0.1 kg FCM m
-3
 water input higher, than at the current replacement rate in Brandenburg, 
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which is 15 % higher (LKV BB, 2014). Improving the water productivity of milk by 
decreasing the replacement rate is a possible way, but it is limited. 
 
Figure 6: Influence of the replacement rate on the water productivity of milk 
4.5 Conclusions 
Management strategies to improve the water productivity of milk production under conditions 
in North-East Germany, such as varying milk yield, feeding strategies, and replacement rates, 
can be used alone or in combination. Among these management strategies, the milk yield has 
the strongest influence on the water productivity of milk production. Particularly an increase 
in milk yield from a low to an intermediate level leads to a pronounced increase in water 
productivity, while an increase from a high milk yield to a very high milk yield does not 
further increase water productivity. Increasing the milk yield up to 10,000 kg FCM per cow 
and year would be favorable in terms of water productivity. Diets affect water productivity as 
well. They should contain mostly roughage, such as grass silage, maize silage, and pasture, 
and only few concentrates. The influence of the replacement rate on water productivity is low. 
The actual replacement rate should not be further increased. The method applied here with 
regional data can be adopted on farm scale as well as to provide strategies for increasing the 
water productivity of milk in individual farms.  
5 Drinking and cleaning water use in dairy farming 
5.1 Preliminary remark  
Chapter 5 is mainly based on Krauß et al. (2016), which is part of this thesis, and can be 
found in Annex C. More details are given there. 
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5.2 State of the art and subject-specific aims 
The drinking water demand of dairy cows was investigated in several studies (e. g. Cardot et 
al., 2008; Holter and Urban, 1992; Meyer et al., 2004; Murphy et al., 1983). The 
investigations were made at early to mid-lactation and took at most 16 weeks. The end of the 
lactation is not well investigated. The studies used different methods and identified different 
influencing factors to estimate a regression function of drinking water demand of the cows. A 
wide range of the water demand is observed when the water demand is calculated with the 
different regression functions with the same input variables. 
Scientific investigations of the cleaning water demand in a dairy cow barn are scarce 
(Palhares and Pezzopane, 2015). The cleaning water demand of a dairy cow barn is mostly 
investigated by public authorities and consulting agencies (e. g. Jensen, 2009; KTBL, 2008; 
Rasmussen and Pedersen, 2004; Schuiling et al., 2001; Steward and Rout, 2007; Williams, 
2009). In most of the studies the estimation of the cleaning water demand is not described in 
detail or to reproduce the results. There are a lot of influencing factors, such as the cleaning 
system, management, constructional conditions, and size of the cleaned area and equipment, 
which make the results of the studies not comparable.  
The aim of this study was to investigate the technical water use in a dairy cow barn on a 
commercial dairy farm in North-East Germany with respect to a detailed measurement of the 
drinking and cleaning water demand over two years. Regression functions of the drinking 
water demand over the whole lactation were developed and compared with existing regression 
functions and methods to test the equations for their accuracy. Two milking systems were 
compared with respect to technical water demand per cow, kg milk and milking. Diurnal and 
annual variations in the water demand were displayed for groups of cows with different milk 
yields. Detailed portioning of the cleaning water demand to the main contributors was 
outlined and recommendations to reduce the water use were given. 
5.3 Materials and methods  
5.3.1 Layout of the farm and the dairy cow barn 
The investigated dairy farm is located in North-East Germany and manages 675 ha of arable 
land. The farm keeps on average 210 dairy cows and 180 calves and heifers. The dairy cow 
barn has a length of 70 m and a width of 30 m. An automatic milking system (AMS) with two 
single boxes and a 2x7 herringbone milking parlour (HBP) are established on the farm. The 
cows have free access to the AMS and so the milking frequency was nearly three milkings per 
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day. In the HBP the cows were milked two times a day. Depending on the milk yield during 
the lactation phase and the milking intensity, the cows were changed between the milking 
systems or the groups during lactation. The cows were milked in the HBP the first two weeks 
after calving. Between the 15
th
 day in milk and the 170
th
 day in milk they were milked in the 
AMS. After the 170
th
 day in milk, and up to the end of the lactation, the cows were milked in 
the HBP again. The milk yield was recorded at each milking for every cow in the AMS. The 
two single boxes of the AMS have an area of 35 m
2
 and were cleaned with a hose. For the 
milk yield of the cows in the HBP, the data of the monthly milk performance testing was 
taken into account. The HBP has an area of 70 m
2
 and was cleaned with a hose and a high-
pressure cleaner. The milk was stored in two milk tanks and was collected by a milk truck 
every two days. The milk tanks were cleaned automatically after emptying.  
5.3.2 Water metering 
The water of the barn is supplied by a farm-owned well. On 23.02.2012 38 water meters 
(Itron Inc., USA) were installed at various points of water withdrawal. A ground plan of the 
barn and the installation points of the troughs are shown in Figure 7. The water withdrawal 
was measured in as much detail as the installation of the water pipes allowed over a period of 
more than two years, up to 08.05.2014. The drinking water intake of the cows and the 
cleaning water demand of the milk tank, the milking system, and the surface of the milking 
parlour were measured separately for each group. There was also unspecific withdrawal, 
which cannot be allocated to one of the milking systems, such as water used for cleaning the 
floor of the milk tank room, the milk cans and the workers’ clothes. The water meters 
transmitted their count wirelessly to a collector every hour. The collector transmitted the 
counts daily to an access point and this transmitted the data to a file transfer protocol (FTP) 
server. The data of the FTP server was imported to the software Everblu (Itron Inc., USA). 
The data were controlled frequently in Everblu to check the data transfer and the counts of the 
water meter. The barn manager was called if the measured values were not in a normal range 
(such as continuously high water withdrawal during the night). An incident was recorded to 
identify these events in the statistical analyses. Complete datasets are available for 802 of the 
806 days. Four datasets were excluded from the analyses because of missing values of the 
water meters. The measured drinking and cleaning water demand was compared with values 
of comparable studies. Outliers of the drinking water measurements were excluded if the 
values differed more than 1.96 x standard deviation for the mean value (Maidment, 1993). 
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Figure 7: Plan of the dairy barn with milking systems and drinking troughs 
5.4 Results and discussion  
5.4.1 Drinking water demand 
The daily drinking water intake per cow in the AMS and the HBP throughout the observation 
period is shown in Figure 8 and Figure 9. The 88 cows in the AMS group drink on average 
8.0 m
3
 of water per day. This is equivalent to 91.1 L water per cow and day or 2.6 L per kg 
milk. The mean drinking water demand of the cows in the HBP group is 54.4 L water per cow 
per day or 2.1 L per kg milk. The drinking water intake of the cows in the AMS showed a 
seasonal response. The highest amount of drinking water intake was observed in the summer 
with daily mean temperatures between 20 to 30 °C. The lowest water intake was observed in 
the winter with daily mean temperatures below 0 °C. The drinking water intake of the cows in 
the HBP did not show such a seasonal response. Cardot et al. (2008), Holter and Urban 
(1992), Meyer et al. (2004) and Murphy et al. (1983) also identified the drinking water intake 
as dependent on the temperature or season. These studies were made from early to mid-
lactation, as for the cows in the AMS in this study, and so this influence could be reproduced 
and confirmed. The group of cows in the HBP is more heterogeneous than in the AMS and at 
23 
the end of the lactation, so potentially the effects of temperature on drinking water intake 
could have been levelled out. It cannot be said if the seasonal independence of drinking water 
intake in the HBP is usual or not. 
 
Figure 8: Daily drinking water intake per cow in the automatic milking system (AMS)  
 
Figure 9: Daily drinking water intake per cow in the herringbone parlour (HBP) 
The drinking water intake changes also during the day, as shown in Figure 10 and Figure 11. 
Between 6:00 and 19:00 h the cows drink nearly 70 % of their daily water intake and between 
05:00 and 21:00 h 80 % of their daily water intake. This allocation was observed in both 
groups. During this time the workers are in the barn and it is lit. The peak of drinking water 
intake of the cows in the AMS is between 06:00 and 08:00 h. Till 18:00 h the drinking water 
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intake varies only in a small range. The cows in the HBP drink most of the water between 
06:00 and 08:00 h and between 16:00 and 18:00 h. This was expected, since the cows in the 
HBP were milked at these two times and cows drink large amounts of water after milking 
(Cardot et al., 2008). Since the cows in the AMS were milked continuously there is only one 
peak in drinking water intake. 
 
Figure 10: Hourly drinking water intake over the observation period in the automatic 
milking system (AMS) 
 
Figure 11: Hourly drinking water intake over the observation period in the herringbone 
parlour (HBP) 
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The investigated regression functions of Cardot et al. (2008), Holter and Urban (1992), Meyer 
et al. (2004), and Murphy et al. (1983) result in differences between the estimated and the 
measured daily drinking water demand. Not all parameters affecting the water intake of the 
cows were explained by the regression functions, since more parameters influencing water 
intake were investigated than were finally included in the regression functions. The above 
mentioned regression functions were developed for cows in early to mid-lactation. Further 
reasons for the difference between estimated and measured drinking water intake may be 
factors that were not investigated, such as e. g. rank fights, genetics, physiology, sexual cycle, 
behavior and disturbance caused by external factors. 
The measured drinking water demand of the cows in the AMS and the HBP, the milk yield of 
the cows [kg cow
-1
 day
-1
] and the mean temperature [°C] were used to develop a new 
regression function for estimating the drinking water demand: 
𝑾𝒅𝒓𝒊𝒏𝒌−𝒄𝒐𝒘_𝒅𝒂𝒊𝒍𝒚 =  −𝟐𝟕. 𝟗𝟑 + 𝟎. 𝟒𝟗 ∗ 𝒎𝒆𝒂𝒏 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 + 𝟑. 𝟏𝟓 ∗ 𝒎𝒊𝒍𝒌 𝒚𝒊𝒆𝒍𝒅     (R
2
 = 0.67) (1) 
This regression function includes only two parameters, since others such as live mass, dry 
matter intake or sodium intake were not measured in this commercial dairy herd. The 
coefficient and hence the influence of the milk yield on drinking water intake in this study is 
higher than in the other regression functions. This can be explained by the interdependence of 
the different parameters, for example a higher live mass of the cows is correlated with a 
higher feed intake capacity and a higher dry matter intake will lead to a higher milk yield. If 
the live mass and the dry matter intake are not included in the regression function, a part of its 
influence will be compensated by the milk yield parameter (Khelil-Arfa et al., 2012). Given a 
water demand between 600 and 700 L per kg milk for the production of feed, the measured 
water demand for drinking is 0.4 % of total water demand. 
5.4.2 Cleaning water demand 
The daily cleaning water demand of the AMS is shown in Figure 12 and of the HBP in Figure 
13. The cleaning water demand is higher in the HBP than in the AMS. On average 2.5 m³ 
water is used per day to clean the AMS, which is 28.6 L per cow and day or 0.8 L water per 
kg milk. Over 3 m
3
 water is used per day to clean the HBP, which is 33.8 L water per cow and 
day or 1.3 L per kg milk. The HBP needs 18 % more water than the AMS. The daily cleaning 
water demand ranged from 1.1 m
3
 to 18.1 m
3
 in the AMS and from 1.1 m
3
 to 15.2 m
3
 in the 
HBP. In the AMS 80 % of the values were between 1.5 m
3
 and 3 m
3
 and 90 % between 1.5 m
3
 
and 4 m
3
. In the HBP 60 % of the values were between 1.5 m
3
 and 3 m
3
 and 85 % between 
1.5 m
3
 and 4 m
3
.  
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Figure 12: Daily cleaning water demand in the automatic milking system (AMS) 
 
Figure 13: Daily cleaning water demand in herringbone parlour (HBP) 
The high cleaning water use in the HBP is caused by the cleaning system and the fact that 
there is no incentive to save water. Influences on the cleaning water demand and the high 
variability may be also the structural design of the milking parlour, the pre- and post-waiting 
areas, the cleaning technology, the applied water pressure, but also operationally defined 
cleaning routines (Pommer et al., 2013).  
In the AMS the share of drinking water demand is 76 % and the share of cleaning water 24 % 
of the total technical water demand. This is comparable with the results of Drastig et al. 
(2010). In the HBP, 62 % of the water is needed for drinking and 38 % for cleaning. The 
difference is explained by the higher cleaning water demand per cow and the lower drinking 
water demand per cow in the HBP.  
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It is difficult to make general statements about reductions of the technical water demand in a 
dairy barn, since the water demand of drinking and cleaning has a high variability. The 
measured demand on a commercial farm is higher with a higher variability than expected with 
using values of the literature (Pommer et al., 2013). Drinking water has to be provided in 
accordance with the demand of the cows. Reductions can be made as described in section 4 
by a lower share of the demand for maintenance on the total demand. Cleaning of the milking 
system was computer-controlled and so there are limited technical boundaries to reduce the 
water demand. The water demand of cleaning the parlour can be reduced by educating the 
workers to reduce water use, by using high-pressure cleaners or mechanical cleaning methods 
such as a brush or by optimized structural design. The cleaning water demand per liter of milk 
could be reduced with more milk milked per cleaning cycle if the total cleaning water demand 
cannot be reduced. Given a water demand between 600 and 700 L per kg milk for the 
production of feed, the measured water demand for cleaning the barn is 0.1 % of total water 
demand for the AMS and 0.2 % for the HBP.  
5.5 Conclusions 
The milking system, the management, environmental factors and the milk yield are the main 
influencing factors on the technical water demand of the dairy farm. The drinking water 
intake is influenced by the ambient temperature and the milk yield. The automatic milking 
system has a lower cleaning water demand per cow and day than the herringbone parlour. The 
technical water demand in the barn has a negligible contribution to the total water demand in 
dairy farming since the major water demand is for feed production.  
6 Water productivity of poultry production: The influence of different 
broiler fattening systems 
6.1 Preliminary remark 
Chapter 6 is mainly based on Krauß et al. (2015b), which is part of this thesis and can be 
found in Annex B. More details are given there. 
6.2 State of the art and subject-specific aims 
The world poultry production will increase by 1.9 % per year and will be the world largest 
meat sector in 2022 (OECD, 2013). Poultry meat is acceptable by all major religious and 
cultural groups (Steinfeld et al., 2006). The poultry production in Germany increased from 0.9 
million tons in 2003 to 1.5 million tons in 2014 (German Federal Statistical Office, 2013; 
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German Federal Statistical Office, 2014). In 2014, 1.0 million tons or 64 % were accounted 
by broiler meat. In 2005 the share of broiler meat on total poultry meat production was only 
55 % (German Federal Statistical Office, 2014). The main focus of studies about water use in 
livestock production was on milk and beef production. Studies on the water productivity of 
poultry are scarce (Chapagain and Hoekstra, 2003; Drastig et al., 2016; Renault and 
Wallander, 2000). The water productivity of poultry has a wide range caused by different 
regions investigated and with the climate conditions and predominant keeping conditions. As 
described above, the water demand for feed is expected to be the largest contributor to total 
water demand (Peden et al., 2007; Singh et al., 2003). Broiler chickens have a higher feed 
conversion ratio than cattle or swine. The pressure on resources could be reduced if people 
would eat less meat and the meat consumption would include more poultry.  
The aim of this section was to quantify the water productivity of poultry production under 
commercial conditions in Germany and to investigate the influence of different broiler 
fattening systems. A highly water-productive poultry production system is outlined. 
6.3 Materials and methods  
6.3.1 System boundaries and data 
The water productivity of poultry production was analyzed from cradle-to-farm-gate, 
including the broiler chicken and the parent stock. The water demand of feed supply, drinking 
and cleaning was considered here. The indirect water demand of the barn and the equipment 
was not considered, since it was assumed to be negligible, as is reported for milk production 
(de Boer et al., 2013; Döring et al., 2013). 
The most common production systems in Germany according to the German Agricultural 
Society (Berk, 2008) were investigated. Diets were developed according to Jeroch et al. 
(1999). The data of water productivity of the feed were taken from Krauß et al. (2015a). 
6.3.2 Fattening systems 
The most common broiler fattening systems in Germany according to Berk (2008) were 
investigated (Table 2). A barn size of 1,700 m
2
 was considered for the broiler chicken and the 
parent stock. In the barn of the parent stock 8,500 hens and 850 cocks were kept. 150 broiler 
chickens were generated per hen in 64 weeks (Jiang et al., 1998).   
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Table 2: Broiler fattening systems according to Berk (2008) 
Fattening system 
Animals 
per barn
a 
Fattening 
period 
[d] 
Final 
mass  
[kg] 
Carcass 
mass  
[kg] 
Feed conversion ratio 
[kg
 
live mass  
kg
-1
  feed] 
Fast fattening 39,900 30 1.6 1.1 0.625 
Intermediate fattening 31,000 37 2.1 1.5 0.581 
Splitting fattening total 39,900  
- Young
b 
8,900 30 1.6 1.1 0.625 
- Old
b 
31,000 37 2.1 1.5 0.581 
Slow fattening total 31,000  
- Female young
b 
9,300 39 2.0 1.4 0.556 
- Female old
b 
6,200 46 2.3 1.6 0.556 
- Male 15,500 46 3.0 2.1 0.556 
a
 barn size of 1,700m² 
b
 7 days difference in age of slaughtering between the young and the old animals 
 
6.3.3 Composition and intake of feed 
The feed of the broiler chicken contained maize grain, rapeseed meal, rapeseed oil, soy bean 
meal, winter barley and winter wheat. Three diets were developed according to Jeroch et al. 
(1999) to cover the demand of maintenance and yield. All diets contained 5 % rapeseed oil. 
The broiler chicken at the fast fattening, the intermediate fattening and the splitting fattening 
get a protein rich feed with 4 % rapeseed meal, 39 % soy bean meal and 52 % grain over the 
whole fattening period. The broiler chicken in the slow fattening gets this feed the first 25 
days. Till the end of the fattening period the broiler chicken get a grain rich feed with 67 % 
grain, 23 % soy bean meal and 5 % rape seed meal. The parent stock gets a feed with 85 % 
grain and 10 % soy bean meal. The feed intake was calculated according to the final mass and 
the feed conversion ratio shown in Table 2. A feed intake of 400 g per broiler chicken was 
assumed for the parent stock (Jiang et al., 1998). 
6.3.4 Calculation of the water productivity 
The water productivity of broiler chicken was defined as the relation of the output (on mass 
basis, food energy basis and food protein basis) to the water input. The mass output was 
defined as the carcass mass of the broiler chicken (kgcm).  
The water productivity of the diets was calculated, as described above for the dairy cows, by 
multiplying the share of the feed components in the diet by the water productivity of the 
components. The water productivity of the poultry meat WPpoultry-meat (kgcm m
-3
 Winput) was 
defined by the carcass mass per broiler chicken related to the water input Winput (m
3
). The 
water productivity of the food energy and food protein of poultry meat WPpoultry-energy (MJ m
-3
 
Winput) and WPpoultry-protein (gprotein m
-3
 Winput) was defined by the food energy and food protein 
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produced per broiler chicken related to the water input Winput [m
3
]. The food energy content of 
the carcass was calculated according to USDA (2013) with 8.92 MJ kgcm
-1
 and the food 
protein content with 183.3 g kgcm
-1
.  
The water input of poultry production Winput (m
3
) includes the transpiration from 
precipitation, irrigation water, drinking and process water in the barn and indirect water.  
The water input consists of the water input of feed production Winput-feed (m
3
), the water used 
in the barn, which is provided by technical means, Wtech-barn (m
3
), and the water needed for 
replacement of the broiler chicken Winput-parent (m
3
). Winput-parent is part of the indirect water 
demand. 
The water input of the feed is the sum of crop transpiration from precipitation Wprec-transp and 
the irrigation water Wirri. The technical water in the barn is the sum of the cleaning water 
demand and the drinking water intake of the animals. The water input of the parent stock is 
the sum of the water input of the feed and the technical water demand in the parent barn. 
The water demand of feed production was calculated as described for the dairy cows in 
section 4.3.2. 
The technical water demand in the barn includes the drinking water intake of the broiler 
chicken and the cleaning water demand of the barn, the hygiene lock and the washing 
machine (Winput-clean). The cumulative drinking water demand per broiler chicken Winput-drink-
broiler (m
3
) was calculated according to KTBL (2009) as a function of age in weeks x: 
𝐖𝒊𝒏𝒑𝒖𝒕−𝒅𝒓𝒊𝒏𝒌−𝒃𝒓𝒐𝒊𝒍𝒆𝒓  =  𝟎. 𝟎𝟎𝟎𝟒𝟐 𝒙 
𝟏,𝟔𝟐𝟑 [m
3
]           (2) 
The drinking water demand of the parent stock was considered at 0.3 L day
-1
 animal
-1
 (KTBL, 
2009). 
The cleaning water demand of the barn includes water for soaking, cleaning and disinfection 
and ads up to 24.4 L m
-2
 (KTBL, 2009). The water demand for hygiene lock and the washing 
machine for the work-wear was 50 L day
-1
 (KTBL, 2009). 
6.4 Results and discussion 
The water productivity of the feed components is shown in Table 3. The WPfeed of the protein-
rich feed of the broiler chicken in the fast fattening is 0.7 kg dry matter m
-3
 water input. The 
grain-rich feed of the broiler chicken in the second phase of the slow fattening has a WPfeed of 
0.8 kg dry matter per m
3
 water input. The lower water productivity of the protein-rich feed 
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was expected, since the protein-rich components had lower water productivity than the grain. 
This effect was observed also in the diets of the dairy cows. The feed of the parent stock has a 
water productivity of 1.0 kg dry matter m
-3
 water input.  
Table 3: Water productivity of the feed components  
Component of the diet Water productivity in  
kg DM
a
 m
-3
 Winput-feed 
Standard 
deviation 
Maize grain 1.8 ±0.3 
Soybean meal
b 
0.4  
Winter barley 1.3 ±0.3 
Winter rapeseed meal 0.8 ±0.2 
Winter wheat 1.1 ±0.2 
a
 DM= dry matter 
b
 according to Prochnow et al. 2012 
The water input, product output and water productivity of the fattening systems are shown in 
Table 4. The water input of the parent stock is 0.365 m
3
 per broiler chicken. An additional 
liter of water is needed per broiler chicken to cover the demand of the parent stock for 
drinking and cleaning the barn. Per broiler chicken the water input of the parent stock is 
0.366 m
3
 water. The water input of the feed increases with an increasing fattening period. The 
broiler chicken in the fast fattening had a water input of 3.2 m
3
 water, while a male in the 
slow fattening system needs nearly twice the water for feed production. However, the males 
in the slow fattening system reach a carcass mass which is twice as high. The total water input 
of the fast fattening was the lowest of all investigated systems. The water input of the 
intermediate fattening is 5 % and of slow fattening 20 % higher. The splitting fattening, as a 
combination of intermediate fattening and fast fattening has the highest water input with 
181,780 m
3
. The water input of feed production accounts for 90 to 93 %, the water input of 
the parent stock for 7 to 10 % and the water input of drinking and cleaning for less than 1 % 
of the total water input. The water input of the parent stock results from more than 99 % of 
the water of the feed production. 
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The mass output of the fast and the intermediate fattening is nearly 45 t carcass mass per barn. 
The mass output of the splitting and the slow fattening is 10 t per barn higher. Since the food-
energy and food-protein content of the carcass is determined to be equal between the fattening 
systems, the food-energy and food-protein output show the same relation as the mass output. 
The water productivity of the poultry meat was estimated at 0.3 kg carcass mass per m
3
 water 
input and is equal in all fattening systems. The water productivity of food-energy and food-
protein is also nearly the same between all systems, with the highest in the slow fattening and 
the lowest in the intermediate and splitting fattening. The higher water input of the splitting 
and slow fattening was compensated by a higher output. In the fast fattening the broiler 
chicken were fed only with protein-rich feed, which has lower water productivity than the 
grain-rich feed of the broiler chicken in the slow fattening. The positive effect of a higher feed 
conversion ratio was compensated. The effect of different diet compositions on the water 
productivity was observed as described for the dairy cows. All investigated fattening systems 
were intensive in the point of daily gain and feed conversion ratio. More extensive systems 
may have the same product output by a longer fattening duration and a lower feed conversion 
ratio. The higher water productivity of the feed may compensate for a part of the higher feed 
intake. The water input of the feed is the major contributor to the total water input. This was 
expected since it was described in the literature (Peden et al., 2007; Singh et al., 2003) and 
observed by investigating the water productivity of milk. The water productivity of poultry 
meat will be influenced by improving the water productivity of the diet components. This 
could be achieved by an adjustment in plant production, by replacing components of the diets 
with low water productivity, such as wheat, with more water productive diet components, 
such as maize for grain. Another way is to use free amino acids, which were produced 
industrially. 
6.5 Conclusions 
Feed production accounts for the major share of the water input in poultry production. The 
water productivity in poultry production is not affected by the intensity of the broiler fattening 
system. Higher water input is compensated by a higher output of mass, food energy, and food 
protein in slower fattening systems compared with the fast fattening system. 
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7 Overall discussion  
The investigations have shown the major influence of the feed production on the water 
productivity of animal products such as milk and poultry meat. This has also been described 
in the literature (e. g. de Boer et al., 2013; Drastig et al., 2016; Peden et al., 2007; Singh et al., 
2003). An increase in the water productivity of livestock farming could be achieved with an 
increase in the water productivity of the feed production. In this study the water productivity 
of feed production in Brandenburg was investigated. Within this part of North-East Germany 
the water productivity of feed varied widely between the agricultural growing regions and the 
different feedstuffs. The variation would be even higher when investigating a larger region as 
described by, e. g. Molden et al. (2010) and Sultana et al. (2015). Not all crops can be 
cultivated in the whole region. The availability of feed components depends on the region. 
But even in one region the crop management will differ between farms, so there will not be 
one preferable solution to feed the animals for a high water productivity of animal products 
(Murphy et al., 2016). Overall recommendations on feed and animal production will show a 
direction for improving the water productivity. A farm scale modelling is needed to advise a 
farm manager in terms of increasing the water productivity. The recommendations have to fit 
into the operational concept of the farm. Economics, site, crop rotation, technology and 
infrastructure, such as planting, harvesting, processing and storage, may play a prior role in 
management decisions to increase the water productivity, which was also described for farms 
in Ethiopia (Kebebe et al., 2015).  
The diets of the animals were developed according to recommendations in the literature in 
terms of energy and protein content and the use of specific components (Jeroch et al., 1999; 
Kirchgeßner, 2004; Kraatz, 2012; Spiekers and Potthast, 2004). The components used in the 
diets were producible in Brandenburg or can be easily imported, such as soy bean meal. The 
development of the diets was completed before the water productivity of the feedstuffs was 
known, so an improvement to a most water productive management strategy was not possible. 
On the farm the water productivity of the feed is known before the diets were developed. An 
increased use of water productive feedstuffs can be achieved. This optimization is restricted to 
some points of animal nutrition, such as: taste, feed intake, anti-nutritive ingredients, swelling 
power, amino acid pattern, structure, degradability and degradation rate (Halachmi et al., 
2015). 
An increase in yield of the dairy cows leads to an increase in WPmilk. This effect diminishes at 
a milk yield of 10,000 kg FCM cow
-1
 year
-1
. A further increase in milk yield does not increase 
35 
the water productivity of milk anymore. An increase in the intensity of broiler production 
does not lead to an increase in water productivity, so a further intensification of production 
will not lead to a better water productivity. A case study of Brazilian broiler production shows 
also only slight differences in the water productivity of different farms (Drastig et al., 2016). 
The water input of the replacement of dairy cows has a share on total water input of 10 to 
30 %. With a decreasing replacement rate the water productivity will increase. The current 
average replacement rate in Brandenburg is 40 to 45 %. A replacement rate of 25 % is 
recommended by Weiher (2004) to get a high genetic progress with low replacement costs. 
Improvements in water productivity can be made with a decrease of the replacement rate to 
the recommended rate. In broiler chicken production the water input of the parents on total 
water input is 7 to 10 %. Intensification in the parent stock will have less effect on the water 
productivity than an improvement in the replacement rate of the dairy cows.  
The milking system has an influence on the water productivity of milk. The investigated 
herringbone parlour needs 18 % more cleaning water than the automatic milking system. 
Robinson et al. (2016) estimated a higher water demand of the AMS. Both milking systems 
may not be run with the maximum number of cows they could handle and where not 
optimized to a low water demand. The large surface of the herringbone parlour and the 
manual cleaning leads to a high water demand. Saving water is not the intention of the farm 
management and the workers, since the water is needed to keep the slurry pumpable. 
The available regression functions on estimating the drinking water demand over- or 
underestimate the daily drinking water intake of the dairy cows. As described above, the 
drinking water intake of the animals depends on many influencing parameters. A regression 
function could not cover all these effects. Overall, it is not suitable to reduce the drinking 
water intake of the cows to save water, since animals have to have water all the time in an 
adequate quality and quantity (TierSchNutztV, 2006). A sufficient intake of drinking water 
will secure the wellbeing and the yield of the animals. The regression functions can be used to 
check the drinking water intake and to detect weak points of the water supply. 
Beside the production of food and feed and to maintaining the cultural landscape, farms have 
to exist in an economic environment. Water can enter the farm via precipitation, surface or 
subsurface flows, pre chains, irrigation or as tap water. All of this water has to have been paid 
for with a specific price: The precipitation by the access to land, surface or subsurface flows 
by a water right, the water bound in the pre chains by the products, the irrigation water by the 
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water right and the pumps and the equipment to run them and the tap water by the pumps and 
the equipment to extract it or to the public water network operator. It depends on the price of 
the water if a farm manager wants to reduce the water use or not (Drastig et al., 2016). A 
decrease in technical water use will affect the water productivity in a minor way because the 
crop transpiration from precipitation has the greatest share on water input. 
8 Overall conclusions and outlook  
Feed production accounts for the major share of the water input in dairy and poultry 
production. The technical water has a minor contribution on the total water demand. An 
increase in water productivity of milk could be achieved with different management 
strategies, such as varying the milk yield, feeding strategies and the replacement rate. The 
milking system, the management, environmental factors and the milk yield are the main 
influencing factors on the technical water demand of the dairy farm. Varying the milk yield 
has the greatest influence on the water productivity of milk. A feeding strategy with a large 
share of roughage in the diet, such as grass silage, maize silage and pasture, shows the highest 
water productivity. The effect of the replacement rate on the water productivity is limited. The 
water productivity in poultry production is not affected by the intensity of the broiler fattening 
system.   
Livestock diets should contain components with high water productivity with respect to 
availability, economics, and physiological regimentations. The use of free amino acids can 
optimize the amino acid pattern of the feed of non-ruminants. Other animal products should 
be investigated, such as the meat of dairy cows, Holstein-Friesian bulls and beef cattle, or 
pork, as recommendations for a water-productive human nutrition with animal products. The 
increase in water productivity should be regarded in terms of consumer request for more 
extensive keeping conditions, to regulations in legislation, and to the conservation of the 
cultural landscape.   
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9 Zusammenfassung 
Die Wasserproduktivität in der Tierhaltung ist von vielen Faktoren abhängig. Die 
Futterproduktion hat den größten Anteil am Wasserbedarf von tierischen Produkten. Weitere 
Einflussfaktoren sind die Leistung, die Reproduktion und der Gesundheitsstatus der Tiere, das 
Management und die Haltungsbedingungen. In dieser Arbeit sollte untersucht werden, wie 
sich diese Faktoren auf die Wasserproduktivität von Milch und Geflügelfleisch in Nord-Ost-
Deutschland auswirken. Zehn unterschiedliche Futtermittel wurden hinsichtlich ihres 
Wasserbedarfes untersucht. Aus diesen Futtermitteln wurden die Rationen bzw. das 
Mischfutter für die Tiere erstellt. Die Milchleistung der Kühe wurde zwischen 4.000 und 
12.000 kg Milch pro Kuh und Jahr in 2.000 kg Schritten variiert, um den Effekt der 
Leistungssteigerung auf die Wasserproduktivität zu untersuchen. Für jedes Leistungsniveau 
wurden zwölf verschiedene Fütterungsstrategien untersucht, welche auf der Erhöhung 
einzelner Bestandteile der Ration basieren. Der Wasserbedarf von Leitungswasser im Stall 
wurde mit 38 Wasserzählern ermittelt. Für die Wasserproduktivität des Geflügelfleisches 
wurden vier verschieden intensive Mastverfahren untersucht.  
Die Wasserproduktivität steigt mit steigender Milchleistung der Kühe. Das Maximum wird 
bei 10.000 kg Milch pro Kuh und Jahr erreicht. Eine weitere Steigerung bringt keine 
Erhöhung der Wasserproduktivität mehr mit sich. Hinsichtlich der Fütterung zeigen Rationen 
mit einem hohem Gras- bzw. Maissilageanteil die höchste Wasserproduktivität.  
Die Kühe, die im automatischen Melksystem gemolken wurden, nahmen mehr Tränkwasser 
zu sich, als die Kühe im Fischgrätenmelkstand. Dies ist durch die höhere Milchleistung 
bedingt, da andere Faktoren, wie Lebendmasse und Temperatur als vergleichbar angesehen 
wurden. Das meiste Tränkwasser wurde aufgenommen, wenn es im Stall hell ist. Im 
automatischen Melksystem wurden im Mittel 28,6 Liter Reinigungswasser pro Kuh und Tag 
benötigt. Für die Reinigung des Fischgrätenmelkstandes wurden 33,8 Liter pro Kuh und Tag 
genutzt.  
Die untersuchten Broilermastverfahren zeigten keine Unterschiede hinsichtlich der 
Wasserproduktivität. Die intensivere Aufzucht und bessere Futterverwertung wurde durch 
eine niedrigere Wasserproduktivität des Futters kompensiert. 
Der Anteil des technischen Wassers macht in der Milchkuh- und Broilerhaltung nur einen 
kleinen Teil am Gesamtwasserbedarf aus.   
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